Section of Odontology
President-LILIAN LINDSAY, M.D.S.Durham, L.D.S.Ed. [April 8, 1946] DIECUSSION ON DENTAL STRUCTURE AND DENTAL CARIES Mr. E. B. Manley: I have been asked to discuss very briefly the dental structure that may be laid down within the pulp both in response to caries and also to other injturies brought about indirectly as a result of operative procedures concerned wvith the treatment of caries. This is to a larize extent in conformitv with the broad conception of Thoma (1941) concerning dental caries. He draws attention to the fact that although it may affect clinically the calcified structures it also invokes a protective reaction that involves the entire organ. He not only regards the disease as attacking the tooth from without but he also includes the effect of the reaction that takes place from within to protect the tooth from injury and resist the invasion of bacteria.
The clinical picture of caries should include both the defence forces as well as the attacking forces. Examination of serial sections of the pulp i7 situt under carious lesions of varying degrees of severity is instructive.
It has been stated that the natural enemies of the dental pulp are bacteria and thermal changes. To these should be added two unnatural enemies, traumatic and chemical irritation, both of which may be evoked and exert their influtence dutiing the surgical treatment of dental caries. The recuperative powers of the human pulp are regarded by many as being very limited, but that this organ does in fact possess great powers of recovery can now be demonstrated with some degree of certainty. The pulp conisists of undifferentiated connective tissue with a layer of highly differentiated cells, the odontoblasts. The undifferentiated connective tissue must, like all other vascular tissues of the body, have a normal mechanism of defence. This means of defence, however, is handicapped to a certain extent owing to the anatomical environment of the pulp together with the lack of a collateral circulation. In addition, however, the power to lav down calcific material in one form or another is the most potent factor of all the defence measures of the pulp The nature of this "calcified tissue of repair" has been investigated and described in detail by E. W. Fish (1939) .
The object of this communication is to illustrate from a physiological point of view some conditions under which this material can be laid down and also to refer to certain factors, other than infection, that niav inhibit the process. A most severe form of injurv will be used as an example, i.e. traumatic exposure of the puLlp brought about during cavity preparation. Both experimental and clinical cases will be shown.
Experimeental.-Premolar teeth whose removal was required for orthodontic purposes were chosen. With the use of a slowly revolving bur, cavities were cut on the gingival third of the buccal surface and a small exposure of the pulp obtained. During the cutting of the cavity the powdered fragments of dentine were careftlly collected and then replaced over the exposed surface of the pulp. The cavity was then sealed wvith zinc-oxide clove oil paste. No other form of medication was resorted to. The teeth were extracted and serial sections prepared. One of the results is illustrated in fig. 1 . After seven weeks the dentine particles have been carried into the pulp tissue and calcifiecl material laid down around them forming a compact mass of callus in an attempt to seal off the exposed area. The particles of primary dentine and nature of the new-formed tissue is illustrated under high magnification in fig. 2 from a tooth extracted after nine weeks. The powdered dentine appears to act as an organizer and determines the differentiation of the mesenchyme cells into osteogenic cells, thus ensuring a further deposit of matrix ( fig. 3 ). Experiments were also carried out in which the exposed surface of the pulp was touched with phenol prior to covering with zinc-oxide close oil paste. The result is illustrated in fig. 4 . A large area of pulp tissue has been completelv destroyed and no new deposit of matrix can take place around the fragments of dentine which passed into the pulp at the time of exposure. The vitality of the pulp tissue was not impaired by the utse of hydrogen peroxide.
Clinical (Case I, figs. 5, 6 and 7).-A traumatic exposure of the puLlp horn of an upper third molar occuLrred during cavity preparation in January 1940. The exposed surface was covered with zinc-oxide clove oil paste without other medication of anv kind. After a period of two weeks the permanent restoration was completed. The tooth was extracted in February 1945, after five vears following the removal of the lower third molar. shows that complete recovery had taken place, the exposed area being walled off by the deposition of calcific material around some fragments of dentine which had been unavoidably pushed into the pulp tissue by the revolving bur. Fig. 6 , of higher magnification, illustrates the dentine fragments embedded in the new matrix and unabsorbed after five years. Fig. 7 shows irregularly formed tubular secondary dentine at a point furthest from the site of injury and merging into the new-formed structure laid down around the dentine fragments, thus completing the seal. Other clinical cases of traumatic exposure showed that where'no medication by irritant drugs had been resorted to and where there was no infecti-on new matrix had been deposited around fragments of dentine which are invariably pushed into the pulp at the moment of exposure. A clinical case where the exposed surface had been touched with a p ledget of cotton-wool moistened with phenol is illustrated in fig. 8 . No clinical symptoms were manifest, the tooth being extracted after a period of fifteen months following the removal of the corresponding )f Odontology 
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Section G 640 Proceedtngs of the Royal Society of Medicine 24 tooth in the lower jav. Destrtuction of pulp tissue with a chronically inflamed area is seen. 'lThe pJUlp tissue has failed to react favourably and no deposition of calcific material has taken place except at the point "A" where a few fragments of dentine have reached a point outside the zone of irritation. Around them a small amount of new tissue has been laid down and become attached to the wall of the pulp chamber. It is not surprising that no cases of repair were seen following the use of tissuedestroying drugs either experimentally or clinically. In the experimental work on pulp reaction to dental cements it was found that the abilitv of the pulp to form secondary dentine was impaired and sometimes completely destroyed under cavities filled wvith cements possessing a high degree of acidity at the time of insertion into the cavity. From a biological point of view it is essential that no irritating drugs be used.
With regard to the question of infection of the pulp: it is verv necessarv to distinguisl between a carious and a traumatic exposure. In cases of carious exposure there will be gross bacterial infection of the pulp and no treatment other than partial or complete removal of the pulp will avail. On the other hand it is inconceivable that the pulp Linder the lesion described in the first clinical case should not at some period have been subject to irritation through bacterial toxins, and its recovery would lead one to believe that the pulp can tolerate a certain degree of irritation from infective sources. The question of the degree of infection that may be present under a carious lesion can only be assessed clinically at the time of the operation in each individual case.
Our understanding of the changes taking place within the pulp should aid the diagnosis of the condition requiring treatment.
Acknowledgments Mr. M. M. Murray: The structure of enamel anid dentine fromn the chemical andl physical aspect.--Although in respect of its main mineral constituents enamel is fundainentally of the same composition as the inorganic part of dentine and bone yet it is much harder. This hardness is one of the characteristic properties of dental enamel and the question presented itself as to whether, as in the case of steel, which can be hardened by the inclusion of a small proportion of other elements like tungsten, this hardness of enamel might have a similar basis. The elements suspected of causing this hardness were silicon and fluorine. Estimations of these elements in enamel were made; both were present, but the results led, at that time, to no tuseful deductions. In the case of flutorine, dentine often contained more than the enamel. Later work has shown that a raised fluorine content as found in the enamel of "mottled" teeth alters its properties in many ways, naked-eye appearance, permeability to stains, opacity to soft X-rays (Applebautm, 1936). It appears generally accepted tihat the enamel of mottled teeth is more brittle than non-mottled enamel, but according to many American investigators it is relatively more immune to caries (Dean, 1940; Armstrong and Brekhus, 1937) . The posteruptive brown staining often seen in mottled enamel may be an expression of the increased permeability to materials in food or water; it often extends into one-third of the outer depth of the enamel.
The occurrence of organic matter in sound enamel was settled by using improved methods of enam2l separation and nitrogen estimation. The amount of protein, calculated from the nitrogen, is about 20/%. To what extent the acid-resistant character of enamel coLild be due to this protein wve do not vet know, but it is significant that this protein is probably a type of keratin. Dr. Pincus has worked on the properties of this protein.
Altho,ugh the relative amount of organic to inorganic matter is only 2% by weigbt, because it has a density of 1 3 and the mineral matter a density of 3, the amount of organic matter (protein) calculated bv volume is 5%./O A fairlv full chemical analysis of carefully separated enamel and dentine of good, sotsnd, permanent, premolar teeth of children gave the following restults (Bowes and Mtsrray, 1935). 
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These figures show that the most significant difference betwveen enamel and dentine composition is the degree of calcification or mineralization rather than the type of inorganic material laid down. Careful consideration of the figures shows, however, some differences, for example in the CO2 and magnesium content and the Ca/P ratio. Robison (1932) , pioneer vorker on the biochemistry of calcification, spoke of the "bone salt" and considered that all calcification led to the deposition of one salt of constant composition and that this was a form of calcium phosphate containing combined CO2 and called it "carbonato-apatite". This conclusion is open to criticism because there are certain differences in composition between enamel and dentine of the same tooth, for example the magnesium and carbonate content. In rodents there is a difference in composition between molar and incisor teeth.
An important point for consideration is the actual type of calcium phosphate which forms the main constituent of these structures. One clue to this is the Ca/P ratio. Calcium phosphate Ca9(PO,)2 gives a ratio of 1 9 and the ratios for enamel and dentine preclude this and point to an apatite structure 3Ca3(P0j)2.CaX,,, which gives a ratio of 2-151.
Geologists recognize several forms of apatite with X represented by either Cl, F or the OH group, giving 3Ca2(PO,)2.Ca(OH),, which is hydroxy-apatite. Dental structures and b-ne are composed mainly of this substance, in which a certain amount of the calcium is replaced by magnesium. The form of combination in which the carbonate is present is still not settled. Calctulations, based on certain assumptions, made from the chemical analyses gave the following composition for enamel (Bowes and MuLrray, 1935) (Table II) in fluorapatite is not so great as the difference in properties might lead one to suppose. It may be pointed out here that mottled enamel and dentine contain significantly more carbonate than non-mottled However, the value of chemical data is limited in ability to give information about actual inolecular structure and arrangement and this leads to a consideration of the ultramicroscopic structure.
The interprctations of the microscopic observations on the structure of enamel present some difficultv and I am not competent to discuss this matter. I woould, however, like to consider the ultramicroscopic structure as studied by X-rav-crystallographic analysis. This will summarize the vork of Thewlis (1940) . We collaborated in a combined chemical and physical investigatior. of dental enamel and various apatites (Glock, Murray and Thewlis, 1939 ). X-rav analysis gives information on molecular structure and arrangement and greatly extends the information obtained by chemical analysis. To illustrate this point we may compare diamond and graphite; both are composed of carbon, that is chemically identical, but whereas diamond is one of the hardest substances we know, graphite is used as a luLbricant. This difference is due to a difference in arrangement of the carbon atoms in the two substances and it is from X-ray analysis that we know wh' they are different.
A comparison of X-ray diffraction photographs of enamel with those of some typical apatites led to the same conclusions as macle from the results of chemical analyses, namely, that enamel is composed prinicipally of hydroxy-apatite. But of greater interest is the arrangement of these apatite molecules. If molecules in any material are arranged in an orderly manner then the material is crystalline. A random arrangement is present in Proceedings of the Royal Society oJf Medicine amorphous material, such as glass. Few substances are amorphous. Crystals may be of any size, some are microscopic, some ultramicroscopic, the latter are crystallites. Enamel proved to have the molecules of apatite arranged in an orderly manner, but only over ultramicroscopic ranges, that is, enamel is composed of crystallites.
The average size of the crystallites in human enamel is about 0-3 ,u in diameter. So an enamel prism which is equial to the depth of the enamel and has a breadth of 2 to 5 1 must contain multitudes of these crystallites. A point of interest is that these are arranged in the prism according to some plan or pattern, that is they are preferentially orientated. Human enamel shows two plans of preferential orientation, whereas dog's enamel shows only one plan. Different areas of human enamel show different proportions of the two orientations, which will be called the 5 degrees and 40 degrees orienta tions, referring to the angle the crystallites make with the general direction of the fibre axis. Areas of enamel with regular prisms tend to show double orientation, in fact this predominates in human deciduous enamel. Even along an individual prism there is double orientation. The interprismatic substance also shows crystallites arranged on the plan of double orientation, but whereas the 5 degrees type predominates in the prisms, the other, the 40 degrees type, predominates in the interprismatic substance.
Enamel, both the prismatic and interprismatic substance, gives another test for crystallinitv, it is birefringent. Birefringence observations confirm in all respects the X-ray findings, including the difference in crystallite arrangement between the prisms and interprismatic substance.
The study of dentine by the X-ray diffraction method is not so satisfactory, because of the greater proportion of organic matter, but the following facts can be deduiced. The main inorganic constituent is again hydroxy-apatite. w hich exists in crystallites. These are only one-tenth of the size of those of enamel and are as a general rule arranged at random. In some cases preferential orientation was found in translucent zones of primary dentine of the root and in secondary dentine.
It is sometimes difficult to judge frcm ordinary microscopic study the degree of calcification of enamel in tooth sections, or to compare dlifferent areas of enamel or of dentine. For instance, is there really an outer hypercalcified layer to the enamel; are those parts of the enamel, which appear pigmented in ground section, or readily take uip stain, of a different degree of calcification from the rest? Thewlis (1940) made a quantitative micro-radiographic and micro-photometric study of the degree of calcification, as measurcd from the absorptionl of soft X-rays, of tooth sections cut and ground to be of even thickness. His investigations showed that "pigmented" enamel and readilv stainable enamel are usuallv less calcified than the rest, that true hypercalcification existed in some teeth at the outer surface of the enamel and tl-hat the degree of calcification fell from the outer to the inner side of the enamel. In the dentine there was a similar gradient of falling calcification going from the amelodlentinal junction towards the pulp, near the pulp chamber a low degree of calcification, and variable and low calcification in areas with interglobuLlar spaces. Secondary dentine vas generally as well calcified as primary.
More recently a new technique, suitable for the examination of the fine detail of hard surfaces, such as those of metals, has been employed by Gerould (1944 Gerould ( , 1945 in the U.S.A. for the examination of tooth structure. I refer to the use of the electron microscope.
This method of studying structure has advantages over the X-ray and electron diffraction methods in that a visual record on a fluorescent screen or a photographic record of the surface can be obtained.
'rhe resolving power of the electron microscope is more than 100 times that of the best visual microscope, a magnification of 15,000 times is readily possible. Tooth sections cannot be made of the re(quired degree of thinness, which must be less than 1 /A, so surface replicas are the objects photographed. These replicas are made by covering the etched surface of the tooth, or etched surfaces of dental structure exposed in sections or by fracturing a tooth, with a plastic material, polvstyrene. This makes a negative impression of the surface, which is then reproduced as a positive bv depositing on the polystyrene a thin film of silica. This film, which ideally shoukld be of the order of 0-02 1 thick, is freed and floated on to a mesh grid. The actual photographs taken of this film are stereoscopic ones and so give detail in depth. The first problem relating to dental structure investigated by this instrument was a preliminary study comparing the enamel and dentine of fluorosed and non-fluorosed teeth, which showed that the matrix of the fluorosed dentine wvas of much finer structure. The author (Gerould, 1945) stated that there was no difference in the interprismatic substance of the fluorosed enamel, but the photographs appear to me to show that this material has etched more readilv than the non-fluorosed, which I think is possibly due to the generally greater carbonate content of fluorosed teeth.
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This method is certainly very suitable for the investigation of hard surfaces and it is to be hoped that some of the electron microscopes in this country may be available for the pursuit of dental research.
Dr. P. Pincus: Dr. Murray has mentioned the organic matter associated with enamel and I wish to bring to notice some further points concerning this organic material.
Earliei estimates of organic material are given as 2%. In 1940 Bird [1] found in 45 teeth, 4-9% organic material in enamel. As against this, Deakins and Volker [2] estimated the organic material as 0.49% to 1-95%, the highest figures being found in carious deciduous teeth and the lowest in carious, young, permanent teeth. Methods of collection and of separation are factors which may affect restults. Near the dento-enamel junction, enamel tufts penetrate the enamel.
In 1943 Manly [3] found a structureless, recurrent deposit on human teeth. This adventitious material resembles a keratin and may recur within two weeks of removal. Later, Vallotton [4] divided organic coverings of cnamel into two main classes, anatomical and acquired. Nasmyth's membrane, or enamel cuticle, is formed in development and remnants may persist throughout life. Acquired films are largely bacterial in composition, though Manly's film was comparatively free from micro-organisms. On examining enamel pellicle, Vallotton found some similarity to keratin in staining properties, while staining for mucin, amyloid substance and fat were negative. Limited chemical investigation of enamel pellicle failed to give Vallotton any definite indication of its nature though he confirmed Manly's report to the effect that the pellicle consists of a highly insoluble protein.
R. J. Block [5] described keratins in 1939, pointing out that the ectoderm gives rise to the enamel of teeth along with other superficial structures. He differentiates the hardening of squamous epithelium from keratinization, which is the formation of a definite horny structure. According to Block all proteins of ectodermal origin fall into two main groups: eukeratins or true keratins, and pseudo-keratins. Eukeratins resist pepsin and trypsin. Sulphur estimations on 14 ker4tins of different origin-hair, wool, various skins-gave the lowest sulphur determination at 2 20%,, which was the value for snakeskin. When Dr. Schoeller estimated sulphur in enamel protein for me he found sulphur 1*2%y/,.
Dr. Murray and Dr. A. Neuberger suggested testing enamel protein by two methods: (a) To compare the solubility of enamel protein with known keratins in solutions of sodium sulphide, potassium cyanide and sodium thiolacetate (b) to test the action of trvpsin and pepsin on such of these proteins as then remained undissolved. The results are shown in Table I , from which it may be seen that enamel protein is a protein of a resistant nature, differing from characteristic keratins [6] . Enamel protein is, then, unlike hair, wool, horn and hoof, and vet it cannot be classed as one of the pseudo-keratins of Block and Vickery [7] since it is more and not less Proceedings of the Royal bSociety of Medicine 28 resistant to enzymic digestion than the true keratins. It appears to be much more resistant than human skin.
From enamel protein may I turn to matters more nearly clinical and possibly more directly concerned with caries. In 1939, following experiments by Dr. Fish [8] with dogs, I carried out experiments on sound teeth in the human mouth, teeth condemned to removal for orthodontic reasons. A cap containing methylene-blue was cemented on to the tooth. It was found that enamel stained blue in about a month and that in parts the penetration approached the dentine. It was my opinion at the time that longer exposure to the dye might have resulted in penetration to the dentine. In 1943 Berggren [9] did in fact find that methylene-blue placed in caps cemented on to human teeth in the mouth may penetrate sound enamel to the dentine. This penetration of sound enamel has been confirmed by work with radio-active substances in animals by Volker and Sognnaes [10] .
From these references to enamel protein as to nature and permeability, I pass to caries. As far back as 1907 Preiswerk [11, 12] stated that caries might occur in alkaline conditions, organic ground substances being first destroyed-a disintegration brought about by proteolytic action, the calcium salts then falling out. It is possible, he stated, that caries may be produced in two ways at least (a) by acids dissolving inorganic matter and subsequent splitting-up of organic matter by proteolytic organisms, and (b) by destruction of the organic matter and as a result the setting free of the inorganic matter which then falls away.
In 1938 I attempted to separate in pure culture, bacteria which could attack enamel protein. Though pure cultures were not obtained, the cultures were narrowed down to a very small number of types. Despite this lack of success, I exposed sound teeth to cultures of known proteolytic properties and found that sound enamel was attacked in some instances [13] .
[Here the speaker showed slides illustrating lesions of enamel reproduced from the British Dental Journal, November 1937.]
These lesions-of enamel followed attack by bacteria, an attack in which acid played no part [ 14] . Estimations of hydrogen-ion concentration showed that the cultures remained either neutral or slightly alkaline, between pH 7 and 8. It is thought that the production of these lesions provides some evidence of the possibility of breakdown of enamel in an alkaline medium, by the attack of proteolytic bacteria. The bacteria used in these experiments were separated from carious material by routine methods.
In 1939, Gins [15] described experiments in which sound and slightly carious teeth were exposed to bacteria for periods up to fifteen months. In some cases he found further caries, which he attributed to the action of anaerobic bacteria. It was an un-, usual method-he placed extracted teeth in moist, sterile sea-sand, and observed, without surprise one gathers, that "normal mouth flora disappeared after three to four months".
In Gins' opinion, saprophytic anaerobes may become pathogenic and so cause caries.
This concept of attack on enamel protein has been elaborated by Hinds [16] and by Gottlieb [17] . Hinds studied enamel in hard-ground sections and by experiments with penetration by silver nitrate. He came to the conclusion that "caries of enamel is defined as invasion of organic matter of enamel by proteolytic organisms" and that teeth differ in their resistance to penetration by silver nitrate. Gottlieb connected up proteolysis and caries, relying on microscopic examination of hard-ground and microtome preparations. Applebaum also [ 18] described tissue changes in enamel caries, including a translucent zone which is not decalcified.
In addition to the cases of enamel absorption previously described [141, Glickman and Bibby [19] describe a case of absorption of a buried human canine. In their photomicrographs, connective tissue is seen occupying space presumably formerly occupied by enamel, assuming enamel was present originally as it was elsewhere on the crown of this tooth.
It is obvious that absorption of dental enamel and of dentine or bone, differ inasmuch as enamel contains far less organic material.-Keeping this difference in mind, one may glance at another field of study. Brash [20] stated that "the fundamental problem of the developmental mechanics of bone is . . . the control of absorption and not of accretion of bone". Lovatt Evans [21] quoting Brash, adds: "This general conclusion, however qualified, is inescapable. It raises reabsorption to a position of great importanicc and significance." In 1943 McLean [22] pointed out "it thus appears that the decalcification of bone is a misnomer, and that the concept of the destruction of bone by resorption, involving simultaneous dissolution of both its organic and its inorganic constituents must be substituted for that of decalcification".
By experiment I have shown that enamel in vitro may be lost without decalcification, and while it wouild be unwise to follow the comparison about bone too far, it is worth 1.
-.
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Section of Odontology 645 recording that loss of calcium salts from enamel, apart from acid attack, appears possible. One may here mention Grossman [23] who estimated hydrogen-ion concentration found in carious dentine by electrometric methods; using 57 teeth, he found an average pH value of 6-51.
On the clinical side there is the work of Brucker [24] who examined over 11,600 first molars and concluded that failure of cusps to coalesce is not a factor in caries. From an examination of 6,000 children, Klein and Palmer [25] found that lower first and second molars are the teeth mast susceptible to caries. Klein [26] next treated teeth of 474 children with ammoniacal silver nitrate, which he reduced with eugenol, treatment being spread over a three-month period, scme teeth in each mouth being left untreated to serve as controls. Fresh attacks of caries occurred, and spread of the original carious condition extended to about the same degree in both treated and control teeth. He concluded that this treatment "does not to any significant degree prevent or arrest caries in this highly susceptible tooth". lt would therefore appear that the organic material associated with enamel is a factor in caries. This organic material is a protein of a nature resistant to enzvme and to chemical action; it also resists bacteria! attack. Bacteria of course act through the enzymes they form, and such enzymes-proteinases-are often associated with a low oxygen tension such as exists in saliva [27] . Oxidation-reduction (or redox) potentials are outside the scope of this paper, as is their relation to hydrogen-ion concentration. However, addition of saliva will change methylene-blue from the oxidized (blue) state to the reduced (colourless) state. Further, material gathered from the inner surface of cheeks, lips, from between natural teeth, in fact from practically any mouth surface, will on culture give a strict obligate anaerobe, micrococcus gazogencs, described by Weinberg [28] as "Anaerobie strict"'. From these observations it follows that a low oxygen tension exists in saliva. This condition of low oxygen tension affects determination of hydrogen-ion values as pointed out by Stephan [29] . Both Wessinger [30] and Eisenbrandt [31] attempted to correlate pH values with redox potentials; in the estimation of the latter of these, they met difficulties. Wessinger adds that deviation in pH value as estimated by quinhydrone will probably be greater the farther the redox potential is removed from zero; this lowering exists in saliva.
Further work on saliva showed in my experiments that a pyruvic dehydrogenase and an oxidase are both present in saliva, though I found it impossible to exclude bacterial growth as a possible factor in the production of these enzvmes. The collection of sterile human saliva was not found possible.
. T Though enamel protein resists bacterial attack, attack by certain bacteria from carious material is possible. Such proteolytic bacteria may, in vitro, produce lesions of enamel.
Lastly, saliva has been found to show reducing power, that is, conditions in the mouth may be favourable to growth of anaerobes amongst which are found bacteria capable of causing proteolysis.
